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Abstract 
The deformation behaviour of an Al(6061)/Al2O3 metal matrix composite was experimentally and numerically 
investigated under low cycle fatigue. The deformation behaviour, fatigue damage initiation and development are 
studied on the specimen surface and in the bulk material. The three-dimensional FE model based on tomographic data 
has been created and loaded step by step up to 100 cycles. For the simulation of the Al(6061) matrix behaviour a
Chaboche-type model has been used. The numerical results indicate that stress and strain concentrations in the 
microstructure can be responsible for the formation of extrusions and intrusions and subsequently for the crack 
formation.  
Keywords: Metal matrix composite; Low cycle fatigue; Chaboche model; Fatigue  damage development; Three dimensional FE 
model based on the real microstructure 
1. Introduction 
Metal matrix composites (MMCs) are very favorable structural materials for the automobile and 
aerospace industries, which is thanked to their light weight combined with optimized mechanical 
properties and better creep resistance. A good balance between the manufacturing cost and the 
mechanical properties is reached for these materials [1]. The structural components are often subjected to 
cyclic loading in usage, which may result in fatigue damage of the material. Since it is important to 
guarantee the safety of the whole structure, the deformation and the fracture behaviour of MMCs draw a 
great attention of researchers and engineers in the last decades. Some investigations of the deformation 
behaviour, the crack initiation and crack development in Al-based composites are experimentally and 
numerically studied in [2-5]. 
To our knowledge, there is only a small amount of reported results concerning spatial visualization of 
microscopic cracks in fatigued specimens of MMCs and 3D simulations of the cyclic behavior with a 
model based on the real microstructure. In the current work, the Al(6061)/10vol.%Al2O3 particle 
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reinforced composite in T6 condition is selected [6, 7]. This material has been tested strain controlled in 
the LCF regime with the amplitude of 0.5% and a load ratio R = -1. The real microstructure in the FE 
model is reconstructed from the tomogram. The deformation behaviour was experimentally and
numerically studied. The crack initiation and development have been experimentally investigated on the 
specimen surface and in the bulk material. 
2. Experiment 
Finely dispersed Mg2Si precipitates in the matrix phase are typical for the Al(6061)/Al2O3 composite after 
T6 heat treatment (Fig. 1).  
All LCF tests in this work were performed strain controlled with the amplitude of 0.5% and load ratio R = 
-1 at room temperature in air. With the loading rate of 0.1%/s the material behaviour can be seen as rate 
independent. 
As expected micro cracks appear firstly on the specimen surface. By using the light optical microscope, 
images of a polished specimen surface have been taken at each intermediate stop of the interrupted test,
namely after 0, 200, 400, 600, 800, 1000, 1050, 1100, 1050 and 1200 loading cycles. This specimen 
survived 1250 cycles. Fig. 2 shows a cut out of the Al(6061)/Al2O3 microstructure after 1200 loading 
cycles. Based on the images including more than 2000 cracks at different stages of the specimen lifetime,
the quantitative analysis of the crack length and its orientation in relation to the loading axis have been 
done. The subsequent detailed investigations of the cracks and of the fatigue surface were performed with 
the scanning electron microscope. Fig. 3 presents the fatigue striation markings in the Al(6061) matrix 
phase on the fracture surface of the composite specimen. The X-Ray Microtomography experiment has 
been performed on the Tomographic Microscopy and Coherent rAdiology (TOMCAT) beam line at Swiss 
Light Source / Paul Scherrer Institut, using monochromatic X-ray beam with the energy of 15 keV. The 
resolution thereby was: 1 voxel = 0.38 m, rotation angle = 6 second. A set of images forming a 
tomogram covers a volume of 2048×2048×2048 voxels (778.243 m3). Microtomography enabled 3D 
reconstruction and analysis of the composite microstructure inclusive fatigue damage. 
3. Finite element simulation  
To simulate the material behaviour under cyclic loading, the Chaboche model [8-11] and its modified 
versions are often adopted [12-15]. In the present work, the cyclic deformation behaviour of the Al(6061) 
matrix phase was simulated by using the Chaboche-type model, where a combined isotropic and 
kinematic hardening is considered. The Al2O3 ceramic phase is taken as elastic. In order to create a three-
dimensional model, the cut-out of the microstructure with a dimension of 50×50×50 pixels (193 m3) has 
Fig. 3. The fatigue striation markings 
in the matrix phase on the fracture 
surface. 
Fig. 2. Micro cracks on the 
specimen surface. The black phase 
presents the Al2O3 inclusion.
Fig. 1. Mg2Si precipitates in the 
Al(6061) matrix in T6 condition and 
before mechanical loading. The 
grain boundary is marked by a 
double head black arrow.
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been meshed by the software AVIZO [16]. The visualized Al2O3 phase, the whole FE-model as well as 
the meshed matrix phase are shown in Fig. 4. There are 123,074 C3D4 elements [17] for the matrix phase 
and 18,553 ones for the inclusion phase. All numerical calculations were performed with homogeneous 
boundary conditions. The model surface with the minimum x, y or z-coordinate is defined as X0, Y0 or 
Z0 surface and the one with the maximum x, y or z-coordinate as X1, Y1 or Z1 surface. The planes X0, 
Y0 and Z0 are symmetry planes. The nodes on the Y1 plane were subjected to a uniform displacement in 
the y-direction up to the strain of r0.5%. All nodes on the X1 surface were connected and have the same 
deformation in the X direction. Z1 is a free surface.  
4. Results and discussion 
The first cracks appear in the composite after 600 cycles which is about 50% of the specimen lifetime. 
The cracks nucleate exclusively in the matrix phase on the specimen surface without any visible bonding 
to the ceramic particles (Fig. 2). They grow in a straight-line and in the direction of the maximal shear 
stress, inclined about 45° to the loading axis (Fig. 2 and 5b). The cracks grow during the subsequent 
cycles and new cracks continuously nucleate so that the average crack length of 15-18 m remains almost 
constant (Fig. 5a). This value is in agreement with the thickness of the damaged near free surface zone 
found by Microtomography (Fig. 5b). It hints that the crack growth velocity is similar in all three 
directions of the specimen.  
The maximum and minimum stress values obtained from the LCF test are shown in Fig. 6a. They keep 
nearly constant for more than 97% life time. The ı-H hysteresis of the Al(6061)/Al2O3 composite is
stabilized inside the first 10 cycles (Fig. 6b). In Fig. 6b, the comparison of experimental and numerical 
hystereses is presented for the 1st, 10th and 100th cycles. The numerical predication not only catches the 
(a)                                              (b)                                             (c)
Fig. 4. FE model based on the tomogram and meshed by AVIZO [16]: (a) segmentation: the particle phase; (b) 
mesh in the whole model; (c) mesh in the matrix phase.
                                 (a)                                                                   (b)          
Fig. 5. (a) Crack length distribution analysed on the specimen surface; (b) damage distribution in the near free 
surface zone (cut from a tomogram).
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hysteresis shape correctly but also its stabilization during the first cycles. The corresponding local stress 
distribution in the matrix and inclusion phase is presented in the histogram (Fig. 6c). From the 1st to the 
100th loading cycle, there is no obvious difference for the mean value and the distribution pattern in each 
phase. The Al2O3 phase has a wider stress range than the Al phase. The stress level in the hard ceramic 
phase depends on the matrix properties and the shape and distribution of the particles with respect to the 
loading direction.
The simulated local stress distributions in the microstructure for the 10th and 100th cycles at the maximum 
tensile strain (0.5%) are given in Fig. 7a, 7b and Fig. 8a, 8b. The microstructure in Fig. 7a - c is cut at z 
= 45 pixel (17.1 m), while Fig. 8a - c shows the above mentioned distribution on the free surface (Z1 
surface). In Fig. 7a – c and Fig. 8a – c, the solid black contour presents either the edge of the FE model or 
the contour of the particles. A high stress concentration is observed in the matrix region between two hard 
particles, like regions A-A’ and C-C’ marked with solid lines in Fig. 7b and the A-A’ in Fig. 8b. These 
regions lay in the direction inclined of 45° to the loading axis. In contrary to it, the region B-B’ (Fig. 7b
and Fig. 8b) with another angle to the loading axis does not show any stress concentration even though 
two Al2O3 particles surround it. The matrix regions near the particle corners, especially in the shear 
bands, show a high stress and/or strain concentration like regions 1 - 4 in Fig 7b and 2 in Fig. 8b. Fig. 7c 
and Fig. 8c plot the distribution of the accumulated plastic strain in the matrix at the same macroscopic 
strain as in Fig. 7b and Fig. 8b, correspondingly. The strain and stress patterns are similar, the strains 
concentrate in shear bands in the direction of maximum shear stress. Both patterns form relatively early 
during cyclic loading and keep their shape almost unchanged during subsequent cycles.  
(a)                                                  (b)                                                     (c)
Fig. 6. (a) The development of the ultimate stresses of the Al(6061)/Al2O3 composite in LCF test; (b) comparison of 
the experimental and numerical hystereses; (c) histograms of the local stress distribution based on the FE simulation 
data.
            (a)                                            (b)                                                                 (c)
Fig. 7. Numerical results of stress and strain distributions at the maximum tensile strain of 0.5% and cut at z = 45th pixel (z =
17.1 m), (a) the loading direction stress after 10 loading cycles; (b) the loading direction stress after 100 loading cycles; (c) 
the accumulated plastic strain after 100 loading cycles.
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Based on numerical and experimental results we can conclude that strain and/or stress concentrations 
forming shear bands in the soft matrix between hard particles are responsible for the crack initiation under 
low cycle fatigue. Detailed investigations concerning damage criterion which could be used in further FE 
simulations are in progress.  
5. Conclusion 
In order to study the deformation and fatigue behaviour of the Al(6061)/Al2O3 composite under cyclic 
loading in LCF regime, experimental and numerical investigations have been performed. Based on the 
results, the following conclusions can be drawn:  
Experiment: 
x First cracks appear on the specimen surface, exclusively in the matrix phase without any visible 
bonding to the ceramic particles, at about 50% of the specimen lifetime. 
x The cracks are oriented in the direction of the maximal shear stress (45° inclined to the loading 
axis).  
x The average crack length of 15-18 ȝm is approximately the same for the one measured on the 
specimen surface and for the one estimated in the near free surface zone (tomogram) at the 100% 
of the specimen lifetime.
FE simulation: 
x The ı-H hysteresis of the composite is stabilized inside the first 10 loading cycles for the strain 
amplitude of 0.5% at R = -1. This phenomenon together with the hysteresis shape is well 
predicted by the FE simulation.  
x In the numerical simulation stress and strain concentrations appear at nearly the same location in 
the microstructure and inclined 45° to the loading axis.  
Experiment and FE simulation: 
x Strain and/or stress concentrations in the soft matrix between hard particles are seemed to be 
responsible for the crack initiation under low cycle fatigue. Detailed investigations are in 
progress. 
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Fig. 8. Numerical results of stress and strain distributions on the free surface of the FE model at the maximum tensile 
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cycles; (c) the accumulated plastic strain after 100 loading cycles.
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